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ME.ASUREMB\IT OF THERMAL DIFFUSIVITY

Equipment is to be assembled to test the feasibility of
the methods proposed to measure the thermal diffusivity of the

lunar surface material. This measurement is to be made directly on

“the suff_acé and also within a drilled hole. This present i‘epbtf

outlines the design_ calculations for this 1nstﬁmentétion,' review-

~ ing the several optional design_f.

Surface Measurement

At surface, the thermal diffusivity is to be deduced frou
the change in te:n;;eragure experienced within a region of known geome-
.tfy as a result of abruptly altering the incoming radiation within |
this region. This change in the incomivg radiation can be t:he
result of either shining aan infrared lamp on the desired area, or

abruptly shieldmg the surface from direct solar radiation. It is

necessary to estimate the shield dimensions or, optionally, the lamp

' dimensions and power, to give measurable temperature changes for a

diffusivity measurement. At this point 1t 1s not necessary to

solve exactly the heat flow equations for the spec:lfic situation

_existing during the diffusivity measurement on the lunar surface.

‘ 'Rachei‘, one can geleqt a system vhich approximates the lunar con-

ditions and obtain, rather easily, solutions of sufficient accuracy

for engineering design. This treatment for the surface diffusivity

determination is given in Appendix A. The conclusions reached in

- this tréatinéiit are as follows:

1. Measurement of thermal diffusivity can be accomplished on

surface by the use of a shield system having a radius of

1:794.28-1
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about 11 cm., or by use of a lamp system irradiating an
area of surface.having.a radius of atileast 11 cm;

2. The depth of surface affected by this treatment is.on
the order of & cm. in the time periods.réquired for
measurement. | ‘ ' J S |

- 3. With radicmeter sensitivities gvailab1;>it is not

practical to attempt a measurement to separate thermal

conductivity from thermal éiffusivitj.

Downhole Measurement

The. basis of study of dbwnhole equipment is given im
Appendix B, but the work has not progresséd'to the point allowing

conclusions or data to be reported.
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- APFENDIX A

'DESIGN CALCULATIONS FOR SURFACE THERMAL DIFFUSIVITY DETERMINATIONS

AFor the design of the surface thermal diffusivity épparaé
tus, the system to be considered is a "semi-infinite" region z > O
initiélly~at zero fempetéture throughout z > 0. Carslaw and Jéege;l
" treats these systems for various héating geometries at the surface
A z = 0. The Carslaw and JaegerAsorlution for a supply of heat at the
rate of q calories per unit time per unit area for t s 0 over the
..ciréle x*+y° ¢ca%,z=0 evaluatéd at the point (0, 0, z) is

] terfe :
1/2 A 2 2,1/2 ‘
_ 2q(ot Jfz= + a”) :

' 2 : .
1 -£ : , :
Note that ierfc £ b vy A - £ erfc €, and erfc £ =
w o :
-1-erf £, so that
-

1/2 i -
2q(ot at z z
e = - £
_q_(_i)___[_n.z By ete

) )
-z + a
1 Sz + a ;1/2 £ (z + a }1/2
°—m erc
2 ‘2(cat) 2(at)

Evaluated at z = 0, eQuation (2) becomes,
1Conouctlon of Heat in Solids H. S. Carslaw and J C. Jaeger,
Second Ed1t10n, Oxford at the Clarendon Press, 1959

1:794.28-A1
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1/2 T ot SRR -
g - 2a(et) © —1—721 - £ —2 fe —275 1.3
o ko { L ek N ,2(0*)1/2-erc 2(ct) -3
| | >1/2. | '32 o » o
an 2q(at ~ Zat a a '
9 = - - 1-e >+ gi— éIfC W. o ) (4)

So far this'ﬁas- been st,raz;.ghtférw::ird- manipulafioﬁ of the
Aéarslaw ana Jaeger solution, and in this form :!.t. givesi the tenpera4
ture, -9, at the center of a circle, radiﬁs a, as a funi:tion‘ofv time,
t, for 2 medium (semi-ipfinite) z> O,ipitia_lly‘at zero temperatur(

2 2 2

throughout, having a heat input over x -+ y- < a° of q'calories pexr

rcmz per second (-no heat flow over the rest of the boundary z=0),

‘having thermal conductivity K and thermal diffusivity ¢ = K

pc
(where p is density, ¢ is specific heat). . | |
This particular soiution is now to be used in va,ri_.bus_ ways
to estimate necessary shield’d:h-nensions and manipulations, of, 7
optionally, infrared lamp powers .and. manipulatibns’, to accomplish
" the measurement of thermal diffusivity at the surface.
The first point considered is the radius of affecté_d area,
4@, mecessary to give measurable temperature differences in reason-
able time periods. A radiometer viewing a total included angle
of 22° from 1 fr. aﬁbve surfac-e- is averaging temperatures over an
‘area having a radius 30 tam 11° = 5.8 @. The specification for
~ the affected area must say that over the area viewed by the radio-

‘meter the temperature change € is constant in reasonable time

peribds. It seems obvious that as K goes to zéro more abrupt changés
1:794.28-A2
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in 8 would appear at the boundary and a uniform temperature {(in terms
of the space variables) ‘would app-ar over the area xz + yz < .‘2_ The

'dimension, a, will be deduced for the highest value of conductiviéy'- '
expected anticipating that it wiill then be usable for all lower
values. ‘Ihe specification for the highest value of thernal con-

10.1' calories

cm.sec.'C ° If the ‘
surface is a material having density and specific heat approximating

_ductivity expected on the lunar surface is

the values for sand, pc = 0.4. It is necessary to consider also

‘the case of a low density material, so arbitrarily a pc value = 0.04
is also to be taken. From the Carslaw and Jaeger solution (Eqn. 4)
vﬁlues of “a" will be determined at vhich, for ranges of o« and t, €
1s independent of a. (No claims will be made for the rigor of any

of the following treatments.) It can be reasoned that @ is -
independent of a when e“zl 4o << 1, with the additional cond;.ltion
that

T

1/2
a a Zggat}
3!— erfc ————m((
2(ct)” K _’
leaving an expression for 8 in which “a" does not appear
231@:’1,2 ' ' |
Kw o . ‘ S

It remains to establish the values of a, a, énd t for which these

conditions hold. Taking the ofiginal expression, Eqn. 4, and

ewriting, :
-8 = 11- -
- Rt G T Sy et
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‘Considering only the functionrwithin { J, it takes the form,

1-et Mg eee, OE
where o |
a e

' 2@

Values of this function were computed for several values of £ and
its behavior is shown in Fig.' 1. For practical purposes this

function becomes unity for values of £ > 2.5. Therefore, for

. ,
=77 > 2.5,
’ g 2(ax) '

2a()/2 E
e = » an expression independent of a. I ¢ )
S s 4 s ' o ’

If K - 107¢ S2loTies | oo . 0.4, then o= 2.5x107°

2 1 -

em/sec. If k- 107 Salorles .. _ 5,04, then o= 2.5x1073

‘cm?fsec. 1In later sections it will be demonstrated that for

=4 cmz,/sec- a measurement of thermal diffusivity can be
3 : .

a = 2.5x10
wade in 4000 sec., and for o = 2.5x10" cnzlsec-; a measurement can
be made in 400 sec. In each case the product ot = 1. 1In order

that a > 2.5 for each of the above cases a >A5"cn. The

témperature change at the center of a circle, radius = S cm. is
independent of the radius if the medium has a th’eml diffusivity
A

less than or equal to 2.5x10 cnzlsec; and the temi:eratures are

measured for times less than 4000 sec.I This is also correc;: withi_n _

1:794.28-A4

5




DU < ¥

¢his radius of 5 cm. 1f the medium has a thermal diffusivicty equal
‘to 2.5x10’3 cnzl sec. and the temperatures are measured for times |
less than 400 sec. ‘Earliet. in the discussion the point was made
that‘ the radiometer for tempei‘ature measﬁreﬁent would be viewing
a circ le of radius about 6 cm. For this radius to enclose a region
. of temperature independent of the boundaries, the area '{n vhich
1ncoming radiation is altered must be a circle of radius greater
than 6 + 5 = 11 em. Fig. 2 will aid in understanding this reasoning,
remembering that the inner 6 cm. radius circle is viewed by the
radiometer, and the 5 cm. circles 1llustrate the extent of area
vithin which, for these time linits, the temperature has radius u
a parameter. Every point on the circumference of the circle
enclosing the radiometer view is a minimm of 5 cm. from the
‘boundary of the area affected, wh_ici: should give within the view of
the radiometer temperatures -unaffected by» ‘radiu‘s as a parameter.
Similat reasoning will allow an estimate of depth affected
during this measurement. Going back to one of the original
equations, Eqn. 2, evidence has been given that, at z = 0, for
=1 a}l terms including 'a'effectively disappear for values of
a>5 cm. Going to the case for at =1, at z # Ogt; is obvious that

all terms including ‘a’ remain negligible for values of a > 5 cm.,
leaving, '

2
172 7% /4ot
_ 2gq(ot) e _ z z
e = K { - 172 2 )112 erfc ;z——;m ). 9)

2
. -t _
The expression within { } is the function Sm -£ erfc €
- T
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. as plotted in Figf 1, which goeé to a negligibly small value near

z
=——m=2
¢ 2(at)

For the case at { 1, z = 4 cm. 1is the maximum deptli affected by the

alteration at surface, independent of tﬁf radius of affected area.
It is now possible to estimate temperature histories at the poimt
€0, 0, 0) which is th+ center of the ,afea of altered ra:diatiol'l. )

. Evidence has been given that, for at <1,a2s5, Equétion 4 reduces

to - o
PRIIC b o )

whgte @ 1s the temperature change mnoted at (0, 0, 0) at time, t,.

for an input of heat of q calories per cn? per sec. for a semi-

infinite medium, z > O, initially at unfform temperature throughout

and having a value of thermal diffusivity ¢ = - £ such that at < 1. -

P C

| . This reduced equation is rhe exact equivalent of the solution as

glven by Carslaw and Jaeger for a constant flow of heat over the

plane z = O into a semi-infinite medium and this similarity in form
serves as a check of the method.
For 'the situation to be examined, q -i-n Equation (5) is the

resnlt of abruptly altering anonnng radiation, so that a balance

tof heat flow must be re-established at the surface.  Fig. 3 is a

rough sketch of a small portion of surface illustrating incoming

‘-rat’iiation, qy» a portion of vhich is absorbed, q,, the surface

‘reradiating energy as a function of its'missivity and teuperétue,

q3 = o€T?, and being supplied heat from the semi-infinite medium

1:79%.28-A6
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q‘,".‘ For a change' in conditions, since finite éuantities of‘ heat are
absorbéd or released by the medium materials in changing témpera- -
ture, the time required for arrival at 2 new equilibrium state is
governed by certain medium properties. including thermal conductivity,
-and specific heat. I'he reduced Equation (5) gives a means of esti-

» mating the effect of these propetties. The value of q to be used 1n
this equation is to be a net energy tra.nsfet at the surface, qz q3, :
, -which 1s a function of surface temperature (q3 - oel‘l“) Fig. 4

. plots the net heat interchange values for three cases of interest.
These cases differ in the method of altering radiatiom on surface. |
i‘o make use of the variable heat 1nterchange associated with altering
| the inccning radiation, Equation (5) is set up in e difference fom, 7
realizi_ng that, lacking an analytic solution including a variab].e
heat function, the assumption will be made that Equation (5) can be

| applied at successive times with q teken to be a function of

temperature. This gives,

®0~fn-1 = —fr‘“i,—ll (et (e@-1) 2?1 ao
a9 - —ncl (aac)"zt al/2. @112, R an

L

- which relates the change in temperature, AOn,, in a time step, At,

to the 15rop’erties of ihe medium, the net heat 1nterchahge existing

at .the beginning éf the step, 9.1 and the number of steps taken.

By use of the data of Fig. 4 and the difference equation were
obtained the curves of Figs. 5, 6, and 7 illustrating the temperaturer

1:794.28-A7
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" histories at the center of anm area of altered radiation for the con-
ditions noted. It should be possible in any of these cases to
deduce thermal diffusivity with fair accuracy, perhaps within about

more exact statement of precisién available can be made after
operating characteristics of the radiometers. are know, but it is

» 'presinned ‘that  temperatures .will be known to within iS"C.A The
curves of I-‘igs. 5-, 6, and 7 give supporting evidence for the
_Aprevivous statement that the measurement of thermal diffﬁsivities
can be .acc'omplished in values of at < 1. Going back to the original
_ Carslaw and Jaeger solution for the point {0, 0O, 0),.

1/2 2

K

|

10%Z, having obtained radiometrically the temperature fxistory. A
a erfe a . - @“)
\

| 2 ' n.2a
Note that for ej -may be substituted the series = (-1 g_v

n=0 " o , |
performing this substitution gives, | ‘
0 - 12— (2@ { 1- For + —2py
- + -1+ 5 erfe — 47y 12)
_384;3t3 | K 2(cr) '

e = 2 ( -32 - Aal‘ .+ | 36 - )
i i w@ 72 32a) 2 7 ssa(er)’? T

a . f a : - {13)
+ L2 oxfe —I73 .
% 2(ar)* 47
thus, as t —= = ] —'S-Ki 7 o ' , (14)
1:794.28-A8
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- Accepting this as the steady state condition aftet‘long time periods,
it is now possible to estimate the feasibility of determining the
‘thermal condﬁctivity of the surface materials, as distinguished
ffom thermal diffusivity. Ih the eﬁuation; e —-gi#', the net heat
interchange q, at the surface is given by o(faurface - T:hield) if
the use of the shield is assumed. Using T shield = = 300°K, assuming -
- the- or1ginal surface temperature to be 400°K, the radius to be 10
cm., and computing the equilibrium condition by a trial and errat
procedure, it is found that the surface temperature falls within
7°C of the shield temperature at equilibrium'for a conductivity

= 10“ calorieSICn. sec. ‘C; and that for K.g_lo.s the surface
'.temperature is within 1°C of the shield temperature. With the'
'radiometer precision available it is no* possible to discriminate |
conductlvities by this wethod. This tendency for the low conductivity
 material to come to radiative equiiibrium with an applied source
holds alsc for the cases where a point source of infrared is used
(e-g-,.lamps), therefore, it is felt that only a measurement of

tﬁermal diffusivity is practical on the surface.

1:794.2B-A9
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APPENDIX B

' -DOWNHOLE DETERMINATION OF THERMAL DIFFUSIVITY

To estimate the thermal diffusivity from within a hole

bored ipto’ the lunar body, a small blackbody radiator is

attached to the bottom of the sonde. With a constant power input

tb‘_ this biapkbody an increase in i:emperéture with time will be noted,

this temperature increase being a function of the conduction of heat

away from the source along leads and supports, storage of heat in

the sonde and blackbody materials, radiation of heat between black-

body surface and borehole wall, storage of heat within the lumar

"body, and conduction of heat away from the borehole through‘the

lnnar materials.

The desigm of the blackbody systeﬁ is being done empiri-

cally, but as a start amn investigation of shape factors was made for

heat sources in insulating unconsolidated materials. As a means of
prediction, use was made of the Carslaw and Jaeger:l solution for

the continuous spherical source within an infinite medium.
‘ 2

2
“1/2 -(x-a)°‘ -{x+a)
! [e *F e 4% 3
-k-drerfc '2—1(.—-—3—;&72-4- (r+a) erfc ﬁm}g - (1)

with a constant rate of heating of q calories over the surface of bl
a sphere of radius a starting at t = 0, the ’spﬁedcél source being

in an infinite medium of density, g, specific heat ¢, and thermal

lconduction of Heat in Solids, H. 5. Carslaw and J. C. Jaeger,
Second Edition, Oxford at the Clarendon Press, 1959, pp 2_63._-

1:794.28-B1
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diffusivity « =K (X = thermal conductivity),vgiving.the tempera-

p c
ture rise 9@ at distance r as a function of time, t.. Evaluating this

solution for r = a,

-1y m"‘jm a .%3' 2a ext —29) o
Q= - — -e + .
8wpcca - T ' e_r e | |
Rewriting, ‘1/2 2/ 1j2 '
, _ -a2/ar | -
0 —y— (5 ne ar fo —251.3
a7 s { ~a 3 e + pavey erfc pERy ! 1.¢ ) 

Setting £ = -(——;172- »
at

| i | : - V .V N . | . ~
_ 1 -€°. ., 1/2
8 = : 1l-e + T £ . 4
’-—375——. {E} I, ‘ ¢ erfc £] - (@)

| 1., <2 12
The function %- (l-e'E + rll 2

£ erfc €) is plotted in Fig..
8. Use of this equation allows prediction of heating curves for a
spherical source in media of‘known properties. By use of the origi-

nal equatiom it is proven easiiy that a surrounding medium giving

- @ covering 25 cm. thick in every dimension is effectively an

infinite medium for values of ot < 20, and for values of q = 0.25
calories per second. |

' Three Shapés were selected for study on the basis of sonde

. requifements for dimensions and configurations and were prepared im

copper drilled out to give equal masses of metal. The heating

.element placed in each was a 2 watt, 100 ohm, carbon resistor

"potted" in place with epoxy. Iron constantan thermocouple wires

measure the temperature rise at selected points. Table I gives the

1:794.28-B2
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data on each: of the three shapes, Fig. 9 shows the configuraiigﬂ, and

" Figs. 10, 11, and 12 - show comparison with the Carslaw and Jaeger
vprediction of the heating in media of different conductivities. For
vthe two Shapes which are not spherical the. predicted temperature _

rise is computed from the Carslaw and Jaeger solution for a spherical

source, taking a value for radius which is the'radiu;'of a sphere

‘having equal-surface'area. In the extension of this study the

effect of borehole and coupling to sonde will be simulated by work-
1ng in evacuated glass tubing buried in media of differing con-

. ductivity. This; it should be emphésized,‘will.allov a sufficiently
- ", good design prediction, but more exact'work is required in the

calibrationm.

1:794.28-B3
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- Boundary of Total
Area Affected

FIGURE 2

"TLLUSTRATING AREA OF VIEW
AND AREA OF ALTERED RADIATION
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FIGURE 9 |
SHAPES SELECTED FOR HEAT SOURCE STUDIES
’ 1. SPHERE ' ‘
2.22.cu_.
CI1. CYLDDER
_ .l 2.22 m’.
1 (]
! 1
1 1
] 1 )
2.23 cn.
I11. CYLINDER - CONE
-}2-23 cn.!'
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